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Abstract 
The helical coil (HC) of a large helical device- (LHD-) type reactor has a non-axisymmetric three-dimensional (3-D) 
geometry and is wound continuously through the toroidal circumference. A simple calculation method can be useful 
in the early design phase for estimating the effect of many geometrical and structural parameters on the coil’s 
behavior. An axisymmetric coil model having the mean radius of curvature of the HC has been proposed for 
estimating the stress distribution inside the coil. To ensure precision, several non-axisymmetric 3-D models were 
prepared, and the differences among them were investigated. The resulting axisymmetric model can estimate the 
stress distribution by difference of approximately 20% between the typical 3-D models. However, the deformation 
can be estimated accurately only by using the 3-D models. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla 
and Peter Kes. 
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1. Introduction 
With the goal of developing a fusion reactor demonstration device, a large helical device- (LHD-) type 
reactor is being studied at the National Institute for Fusion Science (NIFS) [1]. The LHD-type reactor has 
many advantages, such as steady-state characteristics and lack of plasma current operation. Its 
superconducting magnet system consists of one pair of helical coils (HC) and two pairs of poloidal coils 
(PCs). The current flow of a single superconductor for the HC is 100 kA, and the maximum magnetic 
field on the coil reaches 12 to 13 T. The HC has a non-axisymmetric three-dimensional (3-D) geometry. It 
is wound continuously through the toroidal circumference. It includes not only a superconductor but also 
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insulating material, a cooling channel/media, and an internal plate for added strength. A coil case, lid, and 
supporting structure surround the HC winding so that the mechanical stress and deformation of the coil 
cannot exceed their material strength or the strain limit of the superconductor. 
A simple calculation method can be useful for making a mechanical estimation of many design 
parameters in the early design phase. A simplified axisymmetric coil model having the mean radius of 
curvature of the 3-D HC has been proposed to evaluate stress distribution inside the coil [2, 3]. To ensure 
precision, the mechanical behavior of the HC for several non-axisymmetric 3-D detailed finite element 
(FE) models and a two-dimensional (2-D) axisymmetric coil model were calculated, and the differences 
among them were investigated. Various supporting configurations were considered for the 3-D models, 
with reference to the force-free helical reactor (FFHR) design, which is the candidate for an LHD-type 
fusion demonstration reactor. 
2. HC Structure 
Several design parameters have been considered for the FFHR to date. Of these, a design parameter 
based on FFHR-2m2 was adopted as the reference for building the analytical models. In this case, the 
magnetic energy for 3 GW of fusion power was estimated to be 160 GJ, with an HC current of 39.95 MA 
[4]. The HC has major and minor radii of 17.0 m and 4.08 m, respectively, as shown in Fig. 1. The 
candidate superconducting material for the HC is Nb3Sn or Nb3Al, depending on the maximum magnetic 
field. Forced-flow and indirect cooling are under review for the HC’s cooling scheme. A cable-in-conduit 
conductor or an aluminum-alloy-jacketed conductor would be used for a forced-flow or indirectly cooled 
superconductor, respectively [5, 6]. The cross-sectional outward form of the coil is almost the same for 
both cooling methods. The curvature at the center orbit of the HC at each location changes with the 
circumferential toroidal angle. Fig. 2 shows the radius of curvature for the HC, which varies from 6.5 m 
to 7.25 m. The mean radius of curvature through the circumference is calculated to be 6.69 m. The orbit 
length along the coil center exceeds 160 m. 
Fig. 1. Schematic of the HC winding geometry. Fig. 2. Radius of curvature of HC in FFHR-2m2. 
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3. Analytical Model 
3.1. Electromagnetic force 
An electromagnetic (EM) force was applied considering the actual magnetic field distribution. The 
magnetic field can be divided into two directions corresponding to the axial and radial directions with 
respect to the winding direction of HC. Because of an interaction between the magnetic field and current 
flow, the axial magnetic field produces a hoop force, whereas the radial field produces an overturning 
force. The overall EM hoop force and the overturning force for every cross-section of the coil are shown 
in Fig. 3. The maximum EM hoop force is 75 MN/m. The maximum EM overturning force is ±15 MN/m, 
and the average is generally zero. Fig. 4 shows the EM force on the PCs, which consist of a pair of outer 
vertical (OV) and a pair of inner vertical (IV) coils. Fz represents an oscillating force; positive values 
indicate repulsive forces. FR represents the force in the radial direction; positive values indicate expansion. 
We initially considered only the EM force of the HC, since many coil support methods are available not 
only for HC but also for PCs. The PCs may be supported together with the HC or individually. Here we 
omitted the PCs, assuming that they had their own support structure. The effect of the presence of the PCs 
on the same support structure is discussed in Sec. 5.  
Fig. 3. EM hoop force and overturning force distribution on 
HC in FFHR-2m2. 
Fig. 4. EM force on PCs in FFHR-2m2. 
3.2. FE model 
Five types of FE model were prepared: the 2-D axisymmetric, quasi 3-D, full torus shell support, torus 
shell with port section, and widely divided shell models. In all the models, the HC section had the same 
cross-sectional geometry. The EM force was applied to each element of the HC section in the FE model 
by transforming the force to the surface pressure on the element. 
Since the EM force distribution changed along the circumference, an averaged EM force at each 
element’s position was applied in the 2-D axisymmetric model. A constant value was added to the 
averaged EM hoop force so that the total over the cross-section was equal to the maximum overall hoop 
force in this case. Consequently, the distribution was bilaterally symmetrical about the direction of the 
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coil width. The radius of the 2-D axisymmetric model was set to 6.69 mm on the basis of a calculation of 
the mean radius of curvature. Fig. 5 shows the 2-D axisymmetric model and the applied EM force 
distribution. The model included the HC winding section and coil lid section; the coil lid was 300 mm 
thick. The quasi 3-D model actually had a 3-D geometry, but it did not have a support structure, as shown 
in Fig. 6. The boundary conditions applied to the 3-D models were cyclic boundary at the edge and 
restricted out-plane deformation of the cross-section perpendicular to the winding direction, which 
realizes the assumption that the HC is supported by a thick toroidal structure. The support structure of the 
detailed 3-D models was essentially a torus shell. We considered the three models shown in Fig. 7. 
The coil section was assumed to consist of one isotropic material having a Young’s modulus of 100 
GPa and a Poisson ratio of 0.3. The coil lid and torus shell were assumed to be made of isotropic stainless 
steel having a Young’s modulus of 200 GPa and a Poisson ratio of 0.3. ANSYS 13.0sp2 was used for the 
calculations.
Fig. 5. 2-D axisymmetric model and EM force. Fig. 6. Quasi 3-D model with applied EM force distribution. 
Fig. 7. 3-D FE models: (a) full torus shell, (b) torus shell with port, (c) widely divided shell. 
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4. Results 
Fig. 8 shows the results of the analysis with respect to the amount of deformation, the von Mises stress 
distribution, and the hoop strain for the 3-D torus shell model with ports. The maximum amount of 
deformation appeared in the middle of the coil section and at the corner of the outer port region on the 
torus shell. The maximum von Mises stress appeared in the innermost area. The hoop strain was 0.18% in 
the area where the maximum stress appeared. These tendencies and this distribution were similar to those 
of the other 3-D analytic models. The distribution in the 2-D axisymmetric model was similar to that of 
the innermost region of the 3-D models. The maximum amount of deformation for each model, including 
that of the coil lid and torus shell, the maximum von Mises stress in the coil section, and the maximum 
hoop strain in the coil section, are given in Table 1. The results for the 2-D and quasi 3-D models were 
almost the same. The 3-D torus shell with ports was the typical support structure for the HC. The 
difference in stress between the 2-D model and the 3-D torus shell with ports was approximately 19%, 
and the difference in hoop strain was 17%. Although the 2-D model could estimate the maximum value of 
deformation, its location could be identified only in the 3-D models. The quasi 3-D model could predict 
the deformed shape to a certain extent. 
Fig. 8. Deformation, stress, and strain distributions of the torus shell model with ports. 
Table 1. Maximum deformation, stress, and strain for each model. 
Calculation model name 
Maximum amount of 
deformation (mm) 
Maximum Von Mises stress 
in the coil winding (MPa) 
Maximum hoop strain in 
the coil winding (%) 
2-D axisymmetric 13 245 0.21 
Quasi 3-D 15 262 0.22 
3-D full torus shell support 15 182 0.14 
3-D torus shell with port 18 206 0.18 
3-D widely divided shell 24 236 0.21 
5. Effect of the PC 
The results presented in the previous section were obtained by assuming that the PCs were supported 
individually. Another possible coil support method is that both the PCs and HC are supported by the torus 
shell. In this case, the summation of the EM force generated by all the coils is balanced, and the rigidity 
of the coils is important for the mechanical behavior. To consider an extreme case, here we apply the EM 
force of the PCs directly to the nodes on the supporting torus shell where the PCs are to be connected i.e., 
1082   H. Tamura et al. /  Physics Procedia  36 ( 2012 )  1077 – 1082 
we assume that the PCs do not have rigidity. Fig. 9 shows the FE model with the EM force of the PCs and 
the analytical results. The 3-D torus shell model with ports was used for this calculation. Although the 
deformation and stress of the torus shell section were large and exceeded the elastic limit, the stress and 
strain in the coil section were reasonable. Compared with the previous results, the stress and strain 
increased in the outer torus region of the HC and decreased in the inner torus region. The EM force of the 
PC acted to relax the stress. Further research on the relationship between the support method and the 
rigidity of the PC will determine the precise mechanical behavior. However, the 2-D and quasi 3-D 
models were valid for estimating the maximum values in the HC section. 
Fig. 9. EM force distribution applied to the torus shell model with ports and stress/strain distribution in the coil section. 
6. Conclusion 
A methodology for estimating the mechanical behavior of an LHD-type fusion magnet was 
investigated using a 2-D axisymmetric model and several 3-D FE models. The 2-D axisymmetric and 
quasi 3-D models were useful for the estimation, since they can approximate the maximum stress and 
strain levels, and the modeling is much easier than for a 3-D model. They can estimate the stress and 
strain levels in the coil winding section by difference of approximately 20% between the 3-D torus shell 
model with ports. However, the deformation and displacement can be estimated accurately only by using 
the 3-D model. The 2-D and quasi 3-D models are useful regardless of whether the PCs and the HC are 
supported together or the PCs are supported individually. 
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